The determination of viral 3 ends is a routine practice in molecular biology. However, this has been a challenging task for hepatitis C virus (HCV), an enveloped single-stranded, positive-sense RNA virus classified into the Flaviviridae family. The extreme end of HCV 3 untranslated region (3 UTR), the socalled 3 X tail, was not identified at the time of HCV discovery. Complete HCV 3 UTR sequences occupy a very small percentage of the exponentially growing HCV sequence databases. Although commercial kits and experimental protocols are available, these methods are both tedious and not reproducible. A stepwise optimization procedure was developed as a simple and robust protocol for determining the complete HCV 3 UTR from clinical samples. The availability of abundant authentic sequence information for the complete HCV 3 UTR will allow full investigation of its biological role in the life cycle of HCV.
Introduction
Hepatitis C virus (HCV), a major etiological agent responsible for most post-transfusional and community-acquired hepatitis (Alter et al., 1999) , is an enveloped single-stranded, positive-sense RNA virus classified into the Flaviviridae family (Choo et al., 1989) . The viral genome comprises an approximately 9600 bp RNA molecule which is divided into three regions: 5 untranslated region (UTR), a single large open reading frame and a 3 UTR. Like most RNA viruses, genetic variability is a hallmark of HCV and is a key factor in both basic HCV biology and clinical practice. Thus, one of major tasks in HCV research is to decipher viral sequences from infected individuals. In the past 20 years, a large number of HCV sequences have been generated and deposited in GenBank as well as in several HCV sequence databases (Kuiken et al., 2005; Combet et al., 2007) . However, it is interesting to note that sequence abundance is not distributed evenly along with the entire HCV genome. For instance, the Los Alamos HCV database has collected approximate 50,000 HCV sequences of which there are only a dozen complete HCV 3 UTR sequences (0.03%). Such a paucity of HCV 3 UTR sequences can be attributed to several factors. First, HCV is not cultured readily in vitro and therefore the only source of HCV sequences is clinical samples. It is difficult to obtain a large quantity of high-quality HCV RNA for conventional determination of viral ends. Second, HCV 3 UTR is composed of three distinct regions, an about 40 bp variable region immediately downstream of the stop codon, a poly(U/UC) tract with heterogeneous lengths, and the highly conserved 98 bp terminal sequence, the so-called 3 X tail (Fig. 1 ). These regions are highly structured and may reduce the efficiency of the reverse transcription-polymerase chain reaction (RT-PCR) that is a necessary step in the determination of HCV 3 UTR (Tuplin et al., 2002 Simmonds et al., 2004) . Through a stepwise optimization procedure, a simple and robust protocol has been developed for determining the complete HCV 3 UTR from clinical samples.
Materials and methods

Samples
The optimization of experimental protocols was conducted directly with serum samples collected in 1995 from four patients infected with HCV genotype 1a, referred to as #069, #0273, #1099 and #1564, respectively. A large volume of serum stored at −80 • C was available from these patients, which allowed repeated and detailed optimization of experimental protocols. After optimization, additional serum samples were used for the estimation of protocol sensitivity and robustness. HCV RNA levels were quantitated by bDNA assay (Bayer VERSANT HCV 3.0) immediately prior to the start of this study.
RNA extraction
Total RNA was extracted from serum by using QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) according to the instructions 0166-0934/$ -see front matter © 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.jviromet.2010.03.030 Fig. 1 . Schematic representation of the HCV 3 UTR. Following NS5B are a variable domain (VD) of about 40 bp, a poly(U/UC) tract and a 98-bp 3 X tail. In the optimized protocol, the complete HCV 3 UTR has been determined through two overlapped domains, fragment 1 and fragment 2.
provided. RNA was extracted from 280 L of serum and finally eluted into 60 L of Tris buffer containing 20 U/mL of RNasein Ribonuclease Inhibitor (Promega, Madison, WI). Vigorous vortexing was avoided to prevent shearing of RNA templates.
Amplification of the homopolymer repeat of HCV 3 UTR
HCV 3 UTR contains a poly(U/UC) tract of variable length, and such a homopolymer repeat is sometimes difficult to amplify. Thus the processing activity and fidelity were investigated first for several common DNA polymerases, including AmpliTaq (Applied Biosystems, Foster City, CA), AmpliTaq360 (Applied Biosystems), AmpliTaqGold360 (Applied Biosystems), rTth XL (Applied Biosystems) and DyNAzyme EXT DNA Polymerase (New England Biolabs, Ipswich, MA). The plasmid p90H/FL pol-consisting of the fulllength HCV genome was used as the PCR template (Kolykhalov et al., 1997) . Two primers, p90CircleF2 and p90R9643, were designed to amplify a region covering a ∼130 bp poly(T/TG) domain (Table 1) . Briefly, 2 L of 10-fold dilution of plasmid, starting at 2 ng/L, was mixed with 48 L of PCR matrix containing 1 mM MgCl 2 [1 mM Mg(OAc) 2 for rTth XL only], 1× polymerase-matched PCR buffer, 0.8 mM dNTPs (Invitrogen, Carlsbad, CA), 0.4 M each of forward and reverse primers and 1 U each of polymerases. For both AmpliTaq360 and AmpliTaqGold360 polymerases, 1 L of 360GC enhancer was also added. The PCR matrix with rTth XL also included 0.4 M Trnc-21 as described previously (Fan et al., 2006) . Cycle parameters were programmed on DNA Thermal Cycler 480 as 94 • C for 1 min (9 min for AmpliTaqGold360) followed by the first 5 cycles of 94 • C for 30 s, 60 • C for 30 s and 72 • C for 1 min and the final 20 cycles in which the annealing temperature was reduced to 55 • C. The reaction was ended with 7 min incubation at 72 • C. The expected bands were gel-purified using QIAEX II Gel Extraction Kit (Qiagen) and subjected to direct sequencing with both forward and reverse primers. The reaction was prepared with ABI PRISM dye terminator cycle sequencing ready reaction kit and run on ABI 373A automated sequencer (Applied Biosystems).
RT-PCR amplification of HCV poly(U/UC) tract and 3 X tail
After estimation of the processing activity and fidelity of DNA polymerases in the amplification of homopolymer repeats, selected polymerases were used to amplify HCV 3 UTR directly from serum samples. In a RT-"nested" PCR strategy, two forward primers, CircleF11 and CircleF269.5, were located in the 3 end of HCV NS5B gene (Table 1) . Three reverse primers, 3HBVR1UTR1, 3HBVR1UTR2 and 3HBVR1UTR3, were designed to be located at different positions of HCV 3 X tail ( Table 1 ). Each of them contained an identical sequence from hepatitis B virus genome, which was used as the reverse primer in the second round of PCR amplification (Table 1) .
In brief, 5 Lof extracted RNA was mixed with 15 L of RT matrix consisting of 2.5 mM MgCl 2 , 1× AmpliTaq PCR buffer, 5 mM DTT, Table 1 List of primers and adaptors used in this study. Primer numbering is according to the HCV H77 strain (GenBank accession no. AF009606). All primers and adaptors were designed using the software program Eugene (version 1.01). Asterisk indicates the inclusion of HBV sequences in either primers or adaptors. HBV, hepatitis B virus. A 5 L aliquot of the PCR product was run on a 1% agarose gel to examine the size of the product. When necessary, the PCR product was gel-purified and subjected to direct sequencing as described above.
The optimization of RT-PCR amplification of HCV 3 UTR
Using the RT-PCR protocol described above, one of the reverse primers, 3HBVR1UTR1, located at the uttermost part of HCV 3 X tail, resulted in a product with a much smaller size than expected (see Section 3 for detail). To solve this issue, extensive optimization at multiple levels was performed. First, in the RT step, the incubation temperature was increased to 55 • C. Second, the RNA template was mixed first with sodium hydroxide at concentrations ranging from 0.3 to 100 mM in the 20 L RT reaction. The mixture was incubated at either room temperature or 90 • C for 3 min and then quickly chilled on ice. Third, various additives were tested in the RT reaction, including DMSO (Sigma) (10-20%), 360 GC enhancer (Applied Biosystems) (10-20%), betaine (Sigma) (1-2 M), Fc400 (Sigma) (4-8 mg/mL) and extreme thermostable single-stranded DNA binding protein (ET SSB) (New England Biolabs) (15 ng/L). Fourth, the first round of PCR was also tested with the additives used in the RT reaction at similar concentrations. Fifth, the first round of PCR amplification was tried with different DNA polymerases, including rTth XL, DyNAzyme EXT, Vent (New England Biolabs), DeepVent (New England Biolabs) and Phusion High-Fidelity (New England Biolabs). Based on their characteristics and recommended usages, other components and cycle parameters were adjusted accordingly. Finally, in the first round of PCR, the forward primer CircleF11 was replaced with CircleF269.5, which had a higher melting temperature and allowed a 5 • C increase of the annealing temperature. The forward primer in the second round of PCR was changed to CircleF368.8 (Table 1) . It should be noted the above modifications were tested either independently or in combination, resulting in the evaluation of more than 100 experimental protocols.
The addition of an adaptor to HCV 3 X tail
For determining the complete HCV 3 UTR, the 3 X tail of HCV must become an internal domain during RT-PCR amplification. The current study explored three different approaches: self-ligation of HCV 5 and 3 ends, polyadenylation of HCV 3 extreme end and adaptor ligation. In the self-ligation approach, 10.5 L of extracted RNA was mixed with 40 U Rnasein Ribonuclease Inhibitor (Promega), incubated at 65 • C for 10 min and chilled on ice. A 4.5 L aliquot of ligation matrix was then added into the mixture to make a final 15 L reaction consisting of 1× T4 RNA ligase 1 buffer and 20 U T4 RNA ligase 1 (New England Biolabs). The reaction was incubated at 16 • C oversight or at room temperature for 4 h, followed by inactivation at 65 • C for 15 min. Two additional adjustments were also tried by either the addition of 10% DMSO in the RNA template incubation or the inclusion of 10 U T4 polynucleotide kinase (New England Biolabs). A 5 L aliquot of ligation reaction was used for RT-PCR amplification with two set of primers, raceF1/raceR1 for the first round and raceF2/raceR2 for the second round (Table 1 ). The protocol was basically the same as the one described above in which AmpliTaq and rTth XL polymerases were used for the first and second round amplifications, respectively.
In the second approach, the poly (A) tailing was conducted by using poly(A) polymerase (New England Biolabs). In brief, 14 L aliquot of extracted RNA was mixed with 2 L of 10× polymerase buffer, 2 L of 10 mM ATP (Applied Biosystems), 40 U Rnasein Ribonuclease Inhibitor (Promega) and 5 U poly(A) polymerase. The reaction was incubated at 37 • C for 45 min and then inactivated at 70 • C for 15 min. A 10 L aliquot of reaction was utilized for RT-PCR amplification as described above except for the use of dT35HBVR1.23 as the reverse primer in the RT and first PCR round, and HBVR1T3 in the second round of PCR (Table 1 ). The poly(U) tailing was also estimated using poly(U) polymerase (New England Biolabs), followed by RT-PCR amplification in which primers dT35HBVR1.23 and HBVR1T3 were replaced by dA35HBVR1.23 and HBVR1A3, respectively (Table 1) .
The final approach used conventional adaptor ligation into the HCV 3 X tail. In this approach, four adaptors were estimated. The first adaptor was a 77-bp oligonucleotide designed from HBV genome, named HBV77. The HBV77 was phosphated at the 5 end during commercial synthesis (Invitrogen). Its 3 end was then blocked by the addition of ddATP (Sigma). The blocking reaction consisted of 1× TdT buffer, 5 mM CoCl 2 , 50 M ddATP, 2.5 g HBV77 and 400 U terminal transferase (Roche Applied Science, Indianapolis, IN). The reaction was incubated at 37 • C for 60 min, followed by the inactivation by adding 2 L of 0.2 M EDTA. The blocked HBV77 (HBV77b) was purified from a 4% low-melting agarose gel using QIAEX II Gel Extraction Kit (Qiagen) and the concentration was determined with a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE). The second adaptor was adopted from a universal miRNA cloning linker (New England Biolabs), named linker 1 in this study (Table 1 ). The final two adaptors, respectively named linker 2 and linker 3, were hybrid oligonucleotides designed from the HBV genome. These two linkers were characterized by a phosphated 5 end, initial four RNA bases and a blocked 3 end preventing from self-ligation (Table 1 ). All linkers were synthesized from Integrated DNA Technologies (IDT, Coralville, IA). The ligation reaction included 14 L extracted RNA, 1× T4 RNA ligase 1 buffer, 40 U Rnasein Ribonuclease Inhibitor, 100 pmol of adaptor (either HBV77b, linker 1, linker 2 or linker 3) and 20 U T4 RNA ligase 1 (New England Biolabs). The reaction was incubated at room temperature for 4 h and then inactivated at 70 • C for 20 min. For the ligation of HBV77b, possible enhancement of the ligation efficiency was tested by the addition of PEG8000 (Sigma) (20% final concentration) and/or hexamine cobalt chloride (Sigma) (1 mM final concentration). A 5 L aliquot of the ligation product was directly used for RT-PCR amplification as described above. The reverse primers for HBV77b, linker 1, linker 2 and linker 3 were 77R1, HBVR1linker1, HBVR1linker2 and HBVR1linker3, respectively (Table 1) . These reverse primers were also used for the first round PCR amplification in combination with forward primer CircleF11. The second round PCR was done with forward primer CircleF269.5 and reverse primer 77R2 for HBV77b (Table 1) . The reverse primer for linker 1, linker 2 and linker 3 was 3HBVR1 (Table 1) . Fig. 2 . Estimation of processing activity and fidelity of 5 DNA polymerases in the amplification of ∼130 bp poly(T/TG) domain. The plasmid p90H/FL pol-consisting of the full-length HCV genome was used as the PCR template. A series of 1:10 dilution of the plasmid template, starting at 4 ng, was applied and matched to lanes 1, 2, 3 and 4, respectively. Lane 5, negative control. M, 123 DNA ladder (Invitrogen).
Molecular cloning of RT-PCR product
The cloning procedure was essentially the same as that described previously (Chambers et al., 2005) . Briefly, after the determination of optimized protocols, the PCR product was gelpurified using QIAEX II Gel Extraction Kit (Qiagen) and ligated into pUC19 vector (Invitrogen). Escherichia coli DH5␣ bacteria (Invitrogen) were used for transformation and recovery of recombinant clones. Approximately five clones for each PCR product were sequenced with universal primer M13R. The consensus sequence for each PCR product was determined by using the program Clustal W (version 1.74) (Higgins and Sharp, 1988) and Molecular Evolutionary Genetics Analysis software package (MEGA, version 3.0) (Kumar et al., 2004) .
Results
DNA polymerases capable to amplify the homopolymer repeat
A total of 5 DNA polymerases were estimated for their capability to amplify the poly (T/TG) domain from the plasmid p90H/FL pol−. As shown in Fig. 2 , rTth XL, AmpliTaq and DyNAzyme EXT gave DNA bands with expected sizes. Directed amplicon sequencing showed complete identity to the template without any insertions or deletions in the poly(T/TG) domain. In contrast, AmpliTaq360 and AmpliTaqGold360 were failed for the amplification, suggesting the limited processing activity on these homopolymer repeats. The polymerases rTth XL, AmpliTaq and DyNAzyme were then used for subsequent optimization of RT-PCR protocols.
RT-PCR amplification of HCV poly(U/UC) tract and 3 X tail
Amplification of the poly(U/UC) tract and the 3 X tail utilized a RT-"nested" PCR strategy in which reverse primers for the RT and the first round PCR contained a distinct sequence from the HBV genome that was used for the second round PCR, a so-called stepout PCR strategy (Matz et al., 1999) . Three reverse primers were designed in the 3 X tail, including 3HBVR1UTR1, 3HBVR1UTR2 and 3HBVR1UTR3. The RT-PCR was successful with 3HBVR1UTR2 and 3HBVR1UTR3 as indicated by DNA bands with expected sizes (Fig. 3) . However, the RT-PCR with primer 3HBVR1UTR1 resulted in the generation of DNA bands much smaller than expected (Fig. 3) . These results were very reproducible when using patient samples in addition to samples #069, #0273, #1099 and #1564. Direct sequencing of amplicons obtained with 3HBVR1UTR1 showed that the entire poly(U/UC) tract and 3 X tail were missing. It was speculated that such shortened products resulted from highly structured characteristic of the target domain. Thus the experiment was repeated with extensive optimization, including the partial denaturation of the RNA template, the use of different DNA polymerases, Fig. 3 . Amplification of the HCV poly(U/UC) tract and 3 X tail. Three reverse primers, located at different sites of 3 X tail, were used for RT and the first round PCR. While the RT-PCR with either 3HBVR1UTR2 or 3HBVR1UTR3 generated DNA bands with expected sizes, ∼300 and 324 bp, respectively, the primer 3HBVR1UTR1, located on the uttermost part of 3 X tail, gave a much smaller product (∼123 bp), indicating the existence of potential replication slippage. Lanes 1, 2, 3 and 4 represent samples #069, #0273, #1099 and #1564, respectively; lane 5, negative control. M, 123 bp DNA ladder (Invitrogen).
changes of cycle parameters, and the inclusion of various additives in either RT and/or the first round PCR. However, none of these approaches was successful. Finally, a series of overlapped primers was designed to locate a possible domain displaying strong RT-PCR impairment. Primers with 5 end over position 9614 (numbering according to HCV H77 strain, AF009606) consistently resulted in either negative amplification or a shortened product (Fig. 4) .
Efficient ligation of short hybrid oligoucleotides to HCV 3 X tail
The determination of the complete HCV 3 UTR tried 3 different approaches, including self-ligation of HCV 5 and 3 ends, poly (A) tailing and adaptor ligation. The first two approaches consistently gave negative amplification. The poly (U) tailing repeatedly obtained a smaller RT-PCR product, which resulted from the priming of the reverse primer in the poly (U/UC) tract as confirmed by direct sequencing. Thus, the third approach, conventional adaptor ligation to the 3 X tail became the focus. Among four adaptors, successful amplification was achieved with linker 1, linker 2 and linker 3. Linker 2 gave the best results (Fig. 5) . However, Fig. 4 . Mapping of the priming sites showing replication slippage in the amplification of the HCV poly(U/UC) tract and 3 X tail. Lanes 1 and 2 were the amplicons by using primers 3HBVR1UTR1 and 3HBVR1UTR2, respectively. Lanes 3-15 indicated 13 overlapped 20-bp primers with each 3-bp extension toward HCV 3 terminus. The 5 end of the primer in lane 3 was located in position 9582 according to the numbering of HCV strain H77 (GenBank accession number: AF009606). Lanes 14 and 15 represented a negative amplification and a shortened product, respectively. Lane 16, negative control. M, 123 bp DNA ladder (Invitrogen). as encountered in the amplification of the poly (U/UC) tract and the 3 X tail, all ligation-based RT-PCR generated a shortened product. Similar optimization used in the RT-PCR did not provide any improvement.
The optimized protocol for the determination of the complete HCV 3 UTR
Due to impaired RT-PCR in the 3 X tail, the complete HCV 3 UTR was divided into two overlapped regions in the optimized protocol. The first domain from NS5B to the middle part of the 3 X tail was amplified by regular RT-PCR. In brief, 5 L of extracted RNA was mixed with 15 L of RT matrix consisting of 2. The second domain containing the 3 X tail was determined by ligation-based RT-PCR. Briefly, 20 L of ligation reaction contained 14 L of extracted RNA, 1× T4 RNA 1 ligase buffer, 40 U Rnasein Ribonuclease Inhibitor, 5 M linker 2 and 40 U T4 RNA ligase 1 (New England Biolabs). The reaction was incubated at 14 • C oversight or at room temperature for 4 h, and inactivation was not necessary. A 5 L aliquot of the ligation product was then subjected to RT-PCR as described above except for the replacement of primers, 3UTRF1/HBVR1linker2 for RT/first PCR round and 3UTRF2EcoRI/3HBVR1hindIII for the second round of PCR (Table 1) . 
Sensitivity and reproducibility of the optimized protocol
The sensitivity and robustness of the optimized protocol was estimated in 15 serum samples with HCV RNA levels ranging from 1 × 10 5 to 3 × 10 7 copies/mL as quantitated by HCV bDNA assay (Bayer VERSANT HCV 3.0). Total RNA was extracted from 140 L of serum. Two overlapped fragments covering complete HCV 3 UTR were successfully amplified from all 15 samples (Fig. 6 ). All fragments were gel-purified and cloned into pUC19 vector. About 5 independent clones per fragment were picked and sequenced. Consensus sequences were then generated by alignment and assembly. No additional sequences were observed in the 3 extreme end (Fig. 7) .
Discussion
The determination of viral 3 ends is a routine practice in molecular biology. However, this has been a challenging task for HCV, and the 3 X tail was not identified in the initial HCV clone (Choo et al., 1989) . Although commercial kits and experimental protocols are available, these methods are both tedious and not reproducible (Tanaka et al., 1996; Kolykhalov et al., 1996; Wakita, 2009) . As a result, complete HCV 3 UTR sequences occupy a very small percentage in the exponentially growing HCV sequence databases (Kuiken et al., 2005; Combet et al., 2007) . In the present study, a protocol with adequate sensitivity and robustness has been developed for determining the complete HCV 3 UTR from clinical serum samples.
The optimization procedures consist of three major steps: the selection of DNA polymerases capable of going through a homopolymer repeat, the amplification of HCV poly (U/UC) and 3 X tail and the determination of complete HCV 3 UTR through ligationbased RT-PCR. The final success of protocol optimization depends on 3 major observations. First, priming sites over position 9614 in RT-PCR result in a shortened product. As the HCV 3 UTR is well known for its highly structured nature, this finding is not surprising. A shortened RT-PCR product is generated frequently when the templates hold strong secondary structure, such as hepatitis E virus and some cellular genes (Wei and To, 2003; Zhang et al., 2001 ). There are also several advanced studies on its intrinsic mechanism, including the concept of replication slippage (Viguera et al., 2001) . However, such replication slippage in the HCV 3 UTR cannot be eliminated by existing methods, including the use of polymerases showing strand-displacement activity (Viguera et al., 2001) , the alleviation of template structure by reported additives (Spiess and Ivell, 2002; Henke et al., 1997; Hengen, 1997; Chou, 1992) and the emulation of a crowded reaction environment (Lareu et al., 2007) . Only very limited success was achieved in a few freshly-collected HCV serum samples in which single ligation-based RT-PCR has given the expected amplification of the entire HCV 3 UTR (data not shown). Therefore, it is concluded that no current protocol reliably amplifies the complete HCV 3 UTR in a single step. Similar frustration has also Fig. 7 . Alignment of the complete HCV 3 UTR consensus sequences derived from 15 patient samples. Each consensus sequence was determined through the cloning and amplification of two overlapped fragments using the optimized protocol. Partial NS5B and linker sequences were removed. HCV strain H77 (AF009606) was used as the reference on the top line. Dot indicates identity and dash shows deletions.
been encountered by other groups (van Leeuwen et al., 2006; Fan and van Leeuwen, personal communication) . To circumvent this limitation, the HCV 3 UTR has been divided into two overlapped fragments in the final optimized protocol.
The second observation is the highly efficient ligation of short hybrid oligonucleotides to the 3 X tail of HCV. Less productive ligation was observed with HBV77b, a long single-strand DNA fragment. The use of PEG8000 and/or hexamine cobalt chloride did not result in any significant improvement. Furthermore, inefficient ligation is one of the major factors associated with the appearance of high background or smears in subsequent RT-PCR (data not shown). Homopolymer tailing did not provide any meaningful results in this study.
Another important finding was that RT and the first round PCR could be combined into a single tube. The entire RT reaction was used directly for the first round PCR amplification. Any additional steps, such as the purification of the RT reaction, were detrimental to PCR amplification (data not shown). In the final protocol, DyNAzyme EXT was chosen for the first round PCR amplification due to its superior compatibility in different buffer conditions (Fan and New England Biolabs, personal communication) . The reverse transcriptase SuperScript III functioned well in a tailored RT reaction using DNA polymerase buffer. Such a combination not only increases the protocol sensitivity but also minimizes experimental processing.
The reproducibility and sensitivity of the optimized protocol were demonstrated in 15 serum samples with various HCV RNA levels (all HCV genotype 1a). Considerable polymorphism was observed in the poly(U/UC) tract in both composition and length, ranging from 32 to 97 bp (average 62 bp). Its potential effect on HCV replication warrants further investigation.
In conclusion, the enhanced protocol represents the most convenient and efficient approach to determine the complete HCV 3 UTR from clinical serum samples. Although the protocol has been developed with HCV genotype 1a, it should be applicable for other HCV genotypes or subtypes due to similar genome structures of HCV 3 UTR. The availability of abundant authentic sequence information about the complete HCV 3 UTR should facilitate the understanding with respect to its evolutionary origin as well as its essential role in the modulation of HCV replication and assembly. Finally, this protocol can be adapted easily for the determination of the ends of other difficult RNA templates.
